A single-pass, high-gain free-electron laser (FEL) operating in the self-amplified spontaneous emission mode has received much recent attention as a next generation light source producing intense, coherent x rays [1] [2] [3] [4] . The performance of the FEL is limited by the electron beam quality, and typically the most demanding requirement is the transverse beam emittance. Beam conditioning [5] [6] [7] [8] has been proposed as a method of mitigating this limitation by producing a correlation between the energy and betatron amplitude of the electrons.
In this article we propose a new conditioning mechanism based on Thomson backscattering.
The FEL resonance condition is (1 − v z /c)λ u = λ, where λ is the radiation wavelength, λ u is the undulator wavelength, and v z is the electron axial velocity. The spread in axial velocity owing to a spread in beam energy and the betatron motion generates a deviation of the radiation frequency from the resonant frequency ω r = 2ω u γ 2 r /(1 + a 2 u /2) = 2πc/λ r , where ω u = 2πc/λ u = ck u , γ r is the Lorentz factor of the resonant electron beam energy, and a u the normalized vector potential of the undulator magnetic field. Assuming an energy deviation δγ = γ − γ r , and taking into consideration the transverse motion of the electrons in the focusing fields, characterized by the betatron wavenumber k β , the relative frequency deviation isω = (ω − ω r )/ω r = 2δγ/γ r − (λ u /λ r )k
where R is the betatron amplitude (the maximum transverse excursion of the electron orbit from the axis) at the undulator.
The deviation from the resonant frequency Eq. (1) will reduce the gain of the FEL and degrade the performance. The exponential gain of the radiated power in a high-gain FEL [1] [2] [3] can be expressed as
where L u is the undulator length, and the power gain length is
where ρ is the FEL parameter [1] . The gain length reduces to
The later condition can be expressed in terms of the
. This emittance constraint can be eliminated by conditioning the beam [5] such that the energy deviation from resonance of each electron is proportional to the square of its betatron amplitude, namely
A conditioned beam satisfying Eq. (2) hasω = 0 for each electron (provided the uncorrelated relative energy spread is much less than ρ), and the power gain length is minimized. For Thomson scattering with present laser technology, as discussed in this Letter.
Several techniques for achieving the correlation Eq. (2) have been proposed using conventional (radio-frequency) accelerating and focusing structures [5, 6] or by vacuum acceleration [7] . Recently it was shown [8] that any beam conditioning using symplectic beam lines results in a strong beam head-tail focusing variation, which produces transverse emittance growth, severely limiting the benefits of conditioning with these conventional methods.
In this Letter, Thomson backscattering (TB) [9] of an intense laser pulse with the relativistic electron beam is proposed as a method of FEL conditioning. The number of TB photons (i.e., electron energy loss) is proportional to intensity of the laser pulse, which decreases off axis for a focused laser pulse. Therefore, TB of an intense focused laser pulse produces a correlation between the energy loss by an electron and its transverse location in the laser field, thus allowing beam conditioning (a schematic of the basic idea is shown in Fig. 1 ). Furthermore, the transverse force of the laser pulse on the beam is axially uniform, thus minimizing emittance growth. Limitations imposed by quantum fluctuations imply that conditioning must occur at high laser fluence and modest beam energy. For parameters of proposed x-ray FELs, TB conditioning requires ∼ 10 2 J in ∼ 10 ps, which is achievable with present laser technology, however, at low repetition rates ( 1 Hz).
TB was previously proposed as an incoherent x-ray source [9, 10] and as a cooling method 3 for relativistic beams [11] [12] [13] [14] . The TB radiation frequency is [9] For simplicity in the following analysis, a circularly polarized Gaussian laser field is considered with a normalized vector potential a = eA/mc 2 , in the Coulomb gauge, given
1 is assumed), and η = z + ct (the laser pulse travels in the −ẑ direction and the electron beam in the +ẑ direction). Diffraction is neglected, which is valid provided that the laser pulse length cτ L and electron beam length σ z are less than the Rayleigh length
The laser power and intensity are given by
, can be solved for the motion of the electrons in the laser field, where γ = (1 + u 2 ) 1/2 and u is the electron momentum normalized to mc. In the limit k L r L 1 there exists two constants of motion: d(u ⊥ − a ⊥ )/dη = 0 and d(γ + u z )/dη = 0 (i.e., transverse canonical momentum conservation and energy conservation in the wave frame). These equations can be integrated to yield the
, and, prior to the interaction with the laser, γ = γ 0 and u z = u 0 are assumed.
The power radiated by a single electron can be calculated from the relativistic Larmor formula [15] 
Using the electron orbits yields P e 2 c(γ
where r e = e 2 /mc 2 . Equation (5) Since higher energy electrons radiate more strongly than lower energy electrons, laser radiative cooling of electron beams can occur [11] [12] [13] [14] . The normalized energy γ, root-meansquare energy spread σ γ , and normalized transverse emittance n = γ = n0 γ/γ 0 of the beam decrease via
where σ γ0 and n0 are initial values. Laser cooling is limited by quantum excitation from discrete photon scattering [12] [13] [14] .
For electrons within the spot size of the laser, r 2 r 2 L , the normalized intensity of the laser has a quadratic dependence on radius, i.e.,â 2 0
L , the electron energy after TB, given by the solution to Eq. (5), is
where
, where U L is the laser beam energy. As Eq. (9) indicates, TB produces the desired quadratic dependence of the energy on radius as required for beam conditioning.
For a beam undergoing betatron oscillations in a conventional beam lattice, with beta function β 0 , before entering the FEL undulator, the simplest TB conditioner would require two laser pulses (with identical laser parameters). The first pulse would modify the energy of each electron such that
The transverse position of an electron in the lattice can be represented by r At this point the beam would interact with the second laser pulse, modifying the electron This TB method can satisfy the beam conditioning criterion Eq. (2) provided
Multiple (M ) applications of this TB method with 2M laser pulses could be considered to reduce the laser energy per pulse (U L /M ).
The laser pulse also provides a transverse ponderomotive force to the electrons
, which can be easily satisfied by using strong external focusing during conditioning.
The above results are based on a classical analysis that neglects discrete photon scattering effects. This is valid if the number of photons scattered per electron N γ is large, i.e., N γ 1,
where ∆γ −γ 1 [9] . Note that N γ is independent of the electron beam parameters, and the condition N γ > 1 places a limit on the laser fluence since
A limitation of TB as a method of beam conditioning arises from the quantum-statistical nature of scattering. The discrete scattering of a single photon generates an energy spread ω T /mc 2 . After N γ kicks, the total change in the beam energy spread σ γ is given by ∆σ
, where λ C = h/mc is the Compton wavelength. Using Eqs. (6) and (7), the decrease in energy spread from radiative cooling is given by ∆σ 2 γ 4(∆γ)σ 2 γ /γ. Balancing this against the increase in energy spread due to quantum fluctuations 6 yields the rate equation dσ
The FEL interaction requires that the electron energy spread be within the FEL gain bandwidth, or σ γ /γ r < ρ. Using Eq. (12), this condition can be expressed as
assuming σ γ0 /γ 0 < ρ and τ L /τ R < 1.
In practical units Eq. (13) is 
To maintain good FEL performance, the emittance growth from quantum excitation should be much less than the initial emittance
For example, if β 0 = 2 cm, γ 0 = 10 2 , λ L = 1 µm, r L = 50 µm, and U L = 100 J, then n0 2 × 10 −4 mm mrad. For typical parameters, the growth in the beam energy spread from quantum excitation will be a more severe constraint than the transverse emittance growth.
The fluctuation effects described above [cf. Eq. (13)] imply conditioning must occur at moderate electron energy. For x-ray FELs, the low-energy electron bunch is typically compressed and accelerated before entering the undulator. Provided there is no particle mixing, bunch compression does not change the energy correlation, but will amplify the relative energy variation [8] . The required energy variation for conditioning followed by bunch com-
, where σ zf is the final and σ zi is the initial bunch length. Bunch compression will also put a more stringent condition on the uncorrelated electron energy spread σ γ , since compression amplifies σ γ by σ zi /σ zf . Table I are achievable with present systems, albeit at low repetition-rate
( 1 Hz).
The above analysis and examples have assumed a Gaussian transverse laser profile with r L r b , i.e., much of the laser energy (for r > r b ) is not used in the TB process. In principle, the transverse laser profile can be tailored such that the intensity satisfies the quadratic dependence I t ∝ (1 − 2r 2 /r 2 L ) for r ≤ r b , and I t 0 for r > r b [with laser power
, thereby reducing the required laser power and energy for TB conditioning. The effective diffraction length for such a tailored pulse containing higher-order transverse modes will be shorter than for a Gaussian mode, and, therefore, some form of laser guiding might be required to extend the interaction length. This Letter has proposed and analyzed FEL beam conditioning by TB using high-power lasers. TB can provide a quadratic correlation between the energy deviation and the betatron amplitude of the electrons, and an expression for perfect conditioning via TB was derived.
The quantum nature of TB places limits on the applicability of this method. Requiring the number of photons scattered per electron be large implies large laser fluences. Requiring the energy spread induced by quantum fluctuations be small implies modest electron energies, i.e., typically TB conditioning must be done before accelerating the beam to the full FEL resonant energy for short-wavelength FELs. Examples relevant to proposed x-ray FELs indicate that TB conditioning is achievable with present-day technology. The repetition-rate of such laser systems is currently limited, but newly emerging diode-pumped, short-pulse laser technology is a promising path to higher average power. By using TB to condition Betatron wavelength, k
